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Confocal imagingCells of the primitive endoderm (PrE) and the pluripotent epiblast (EPI), the two lineages speciﬁed within the
inner cell mass (ICM) of the mouse blastocyst stage embryo, are segregated into adjacent tissue layers by the
end of the preimplantation period. The PrE layer which emerges as a polarized epithelium adjacent to the
blastocoel, with a basement membrane separating it from the EPI, has two derivatives, the visceral and
parietal endoderm. In this study we have investigated the localization of two transcriptional regulators of the
SOX family, SOX17 and SOX7, within the PrE and its derivatives. We noted that SOX17 was ﬁrst detected in a
salt-and-pepper distribution within the ICM, subsequently becoming restricted to the nascent PrE epithelium.
This dynamic distribution of SOX17 resembled the localization of GATA6 and GATA4, two other PrE lineage-
speciﬁc transcription factors. By contrast, SOX7 was only detected in PrE cells positioned in contact with the
blastocoel, raising the possibility that these cells are molecularly distinct. Our observations support a model of
sequential GATA6 N SOX17 N GATA4 N SOX7 transcription factor activation within the PrE lineage, perhaps
correlating with the consecutive periods of cell lineage ‘naïvete’, commitment and sorting. Furthermore our
data suggest that co-expression of SOX17 and SOX7 within sorted PrE cells could account for the absence of a
detectable phenotype of Sox17 mutant blastocysts. However, analysis of implantation-delayed blastocysts,
revealed a role for SOX17 in the maintenance of PrE epithelial integrity, with the absence of SOX17 leading to
premature delamination and migration of parietal endoderm.ram, Sloan-Kettering Institute,
Fax: +1 646 422 2355.
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Mammalian development involves the formation of two extraem-
bryonic tissues, the trophectoderm (TE) and the primitive endoderm
(PrE), which are essential for embryo patterning, as well as providing
the maternal–fetal interface required to sustain embryonic develop-
ment. These extraembryonic tissues are the ﬁrst two cell lineages
speciﬁed in the early embryo, and both exhibit characteristic epi-
thelial morphology. By the time of implantation into the maternal
uterus, the TE and PrE tissue layers are segregated from, but en-
capsulate, the pluripotent epiblast (EPI).
The ﬁrst cell fate decision arises at the time of embryo compaction
when polarized blastomeres undergo asymmetric divisions generat-
ing polar outside cells and apolar inside cells (Johnson and Ziomek,
1981). Outside cells will form the TE, which will generate the fetal
portion of the placenta, while inside cells will form the inner cell mass
(ICM), the cells of which will commit to an EPI or PrE fate. The EPI will
give rise to most of the cells of the embryo-proper, while the PrE willeventually differentiate into the parietal endoderm (PE) and visceral
endoderm (VE) of the yolk sac.
Up until the 64-cell stage markers of nascent PrE and EPI are co-
expressed by individual ‘naïve’ or uncommitted ICM cells (Guo et al.,
2010; Plusa et al., 2008). However after the 64-cell stage, a mutually
exclusive salt-and-pepper distribution of cells expressing either PrE or
EPI markers is established within the ICM, suggesting that lineage
commitment occurs around this time (Chazaud et al., 2006; Kurimoto
et al., 2006; Plusa et al., 2008). In support of this salt-and-pepper
distribution of lineage-committed cells, fate mapping of single ICM
cells in E3.5 embryos has revealed their predominant restriction to
PrE or EPI lineages (Chazaud et al., 2006; Rossant et al., 2003). By the
late (E4.5) blastocyst stage, cells of the PrE and EPI lineages are
spatially segregated into two distinct compartments (Gardner and
Rossant, 1979). Cells of the PrE eventually congregate on the surface
of the ICM. There the PrE matures to form a morphologically-distinct
polarized epithelial layer positioned at the interface between the ICM
and the blastocoel. In this arrangement, the pluripotent EPI compart-
ment is encapsulated by two epithelia: the PrE on the blastocoelic
side, and the polar TE on the maternal uterine side.
The process of PrE vs. EPI spatial segregation, in which cells
transition from an initially scattered to a segregated distribution is
often referred to as cell sorting. Cell sorting is likely achieved through
multiple cell behaviours including actin-dependent active cell
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contact with the blastocoel cavity, as well as the downregulation of
gene expression and selective apoptosis of cells which fail to sort
(Meilhac et al., 2009; Plusa et al., 2008). However, the molecular
mechanisms underlying the process of cell sorting are still poorly
understood. It is presumed however that this results from selective
differences in adhesive properties of PrE (vs. EPI) cells that are
acquired concomitant with their epithelialization. Embryos lacking
the polarity protein DAB2 (Yang et al., 2002) or the extracellular
matrix protein LAMC1 (Smyth et al., 1999) correctly specify PrE cells
within the ICM, but these cells either fail to correctly sort, or be
maintained in contact with the blastocoel cavity. Integrins α5 and β1
have been shown to play a role in extraembryonic endoderm (ExEn)
formation in embryoid bodies (EBs) (Liu et al., 2009), and Itgb1
mutant embryos die shortly after implantation with defects in the
speciﬁcation or differentiation of the PrE (Fassler and Meyer, 1995;
Stephens et al., 1995).
The speciﬁcation and differentiation of the PrE relies on the
expression of key transcriptional regulators primarily those belonging
to GATA, SOX, and HNF protein families. SOX17 is a member of SOX
(SRY-related high mobility group box) transcription factor family,
members of which act in various developmental processes (Bowles
et al., 2000; Pevny and Lovell-Badge, 1997; Wegner, 1999). SOX17,
together with SOX7 and SOX18, belongs to the SOX group F subfamily
(Bowles et al., 2000). Previous studies have revealed its role in the
regulation of fetal hematopoiesis (Kim et al., 2007) and vasculogen-
esis (Matsui et al., 2006; Sakamoto et al., 2007). SOX17 has also has
been proposed to function as a key regulator of endoderm formation
and differentiation, a function that is conserved across vertebrates
(Alexander and Stainier, 1999; Clements and Woodland, 2000;
Hudson et al., 1997). In the mouse, genetic inactivation of Sox17
leads to severe defects in the formation of the deﬁnitive endoderm
(Kanai-Azuma et al., 2002).
Intriguingly, Sox17 expression has been reported before embryo
implantation at the morula/early blastocyst stage where it is localized
to the nascent PrE (Niakan et al., 2010; Morris et al., 2010). However,
despite this PrE-speciﬁc localization, Sox17mutant embryos develop a
PrE layer and can be recovered up to midgestation when they exhibit
gut endoderm defects (Kanai-Azuma et al., 2002; M. Viotti and AKH
unpublished observations).
However, overexpression of Sox17 in single blastomeres of 8-cell
stage embryos biased their commitment towards PrE, while down-
regulation biased their commitment towards EPI (Morris et al., 2010).
Moreover, several lines of evidence, primarily from ex vivo models of
extraembryonic endoderm (ExEn) formation, support a role for
SOX17 in the PrE lineage. Extraembryonic Endoderm (XEN) cell
lines cannot be established from Sox17mutant embryos (Niakan et al.,
2010), while downregulation of Sox17 by RNA interference impairs
XEN cell maintenance (Lim et al., 2008). In addition, there are
conﬂicting ﬁndings from studies of Sox17 mutant ES cells. In one
study, embryoid bodies (EB) derived from Sox17 mutant mouse ES
cells failed to correctly specify an outer ExEn layer (Niakan et al.,
2010). By contrast, another study reported normal differentiation of
Sox17 mutant ES cells into PrE, but impaired differentiation towards
PE and VE fates (Shimoda et al., 2007). It is also not clear whether
SOX17 overexpression is sufﬁcient to drive endoderm formation of
mouse undifferentiated ES cells or whether it facilitates ExEn
formation when ES cells are directed to differentiate (Niakan et al.,
2010; Qu et al., 2008; Shimoda et al., 2007). Importantly, by contrast
to mouse ES cells, sustained overexpression of SOX17 in human ES
cells is sufﬁcient to direct their differentiation into deﬁnitive
endoderm, but not ExEn, progenitors, supporting the non-equivalence
of human and mouse ES cell and their respective differentiation
potentials (Seguin et al., 2008).
Prompted by these apparently disparate observations, we per-
formed an in depth analysis of PrE formation both in wild-type andSox17mutant mouse embryos to further elucidate the role of Sox17 in
ExEn formation andmaintenance.We ﬁrst reasoned that the lack of an
apparent phenotype in absence of Sox17 could be compensated by
another closely related protein. We therefore investigated the related
protein SOX7 and noted that its localization was unaltered in Sox17
mutants, suggesting that SOX7 might compensate for the absence of
SOX17.
Moreover, by performing a detailed analysis of the localization of
SOX7, we noted it as the ﬁrst marker of sorted PrE cells, representing
the emergent PrE layer, positioned on the surface of the ICM in contact
with the blastocoel and co-expressing Sox17. Thus, since SOX7 is
localized to a subset of SOX17-positive cells, our observations also
suggest that Sox7 expression is not regulated by SOX17. Importantly,
these observations reveal that sorted PrE cells are molecularly distinct
from unsorted cells, and that a signature transcription factor codemay
operate within the PrE lineage. Intriguingly such a precisely
coordinated sequence of transcription factor activation might be
used to orchestrate the successive steps lineage differentiation.
Next, to rule out the possibility that maternal stores of mRNA or
protein might mask a phenotype in mutant embryos we generated
mouse embryos with a maternal–zygotic depletion of Sox17. In these
embryos we noted a moderate reduction of the number of PrE cells in
absence of Sox17. However, since we also noted that maternal
deletion of Sox17 affected early embryonic development, such that
ICMs were smaller, these experiments did not formally corroborate a
role for Sox17 in PrE speciﬁcation. We propose that this maternal
effect may be due to a moderate cytotoxic effect of CRE protein
activity and/or genetic background.
Since these experiments did not allow us to determine a role for
SOX17 in PrE lineage speciﬁcation, we went on to test whether SOX17
might function in PrE lineage maintenance, expansion or differenti-
ation. To do so, we analyzed the effect of artiﬁcially delaying embryo
implantation, an approach that preserves the topology of the three
tissue layers of the blastocyst but promotes their expansion (Nichols
et al., 2001; Artus et al., 2010). Surprisingly, implantation-delayed
Sox17−/− blastocysts exhibited defects in the PrE layer leading to
premature differentiation and PE cell migration along the mural TE.
These observations suggest a role for SOX17 not in PrE lineage
speciﬁcation per se, but within the emergent and polarized PrE layer
for the maintenance of its epithelial integrity and regulation of its
differentiation.
Based on these observations, we propose a model whereby SOX17
is involved in the maintenance of the epithelial integrity of the PrE
tissue layer. Moreover, we suggest that the lack of a PrE defect in
implanting Sox17 mutant blastocysts is likely not due to maternal
stores of Sox17, but may be compensated for by the presence of SOX7,
a related transcription factor speciﬁcally expressed in sorted PrE cells.
Materials and methods
Mouse husbandry
Mouse strainsused in this studywere: Sox17cKO/cKO (Kimet al., 2007);
Sox2::Cre (Hayashi et al., 2002); Zp3::Cre (Lewandoski et al., 1997);
PdgfraH2B–GFP/+ (Hamilton et al., 2003) and wild-type ICR (Taconic).
Sox17KO/+ animals were generated by crossing of Sox17cKO/cKO to a Sox2::
Cre strain of mice. Embryos with maternal and zygotic ablation of Sox17
were obtained by breeding Sox17KO/CKO; Zp3::CreTg/+ females with
Sox17KO/+ males.
Induction of diapause
Diapause was induced following intraperitoneal injection of 10 μg
Tamoxifen (Sigma) and 2–3 mg progesterone (Abraxis) at 2.5 days post
coitum. Embryos were recovered 3 days later (referred to as E2.5+3-
day implantation delay).
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Mice were maintained under a 12-hour light cycle. Preimplanta-
tion embryos were ﬂushed from uteri or oviducts in M2 (Millipore).
The zona pellucida was removed using acid Tyrode's solution (Sigma).
Embryos were ﬁxed in 4% paraformaldehyde (PFA) in PBS with 0.1%
Tween-20 (Sigma) and 0.01% Triton X-100 (Sigma) for 10 min at
room temperature or overnight at 4 °C. Postimplantation embryos
were dissected in DMEM-F12 containing 5% fetal calf serum, ﬁxed in
4% PFA in PBS for 1 h to overnight at 4 °C and processed for cryostat
sectioning.
Immunostaining
Immunostaining was carried out as previously described (Plusa et
al., 2008; Artus et al., 2010). In brief, embryos were permeabilised in
0.55% Triton X-100 in PBS for 20 min and blocked in 10% fetal bovine
serum in PBS for 1 h. Embryos were incubated in primary antibody
solution overnight at 4 °C, or for 1 h at room temperature. Following
primary antibodies were used at dilution of 1/100: anti-DAB2 (BD
Transduction Laboratories), anti-GATA4 (Santa Cruz), anti-GATA6
(R&D Systems), anti-GFP (Invitrogen), anti-Laminin (Sigma), anti-
SOX7 (R&D Systems) and anti-SOX17 (R&D Systems); anti-OCT4
(Santa Cruz) at 1/200; anti-NANOG (CosmoBio) at 1/500; anti-CDX2
(BioGenex) undiluted. Secondary Alexa Fluor (Invitrogen)-conjugat-
ed antibodies were used at a dilution of 1/500. DNA was visualized
using Hoechst 33342 (5 μg/mL, Molecular Probes).
Image data acquisition, processing and quantitation
Laser scanning confocal images of immunostained embryos were
acquired on a Zeiss LSM 510 META. Embryos were mounted in
Vectashield (Vector Laboratories). Fluorescence was excited with a
405-nm laser diode (Hoechst), a 488-nm Argon laser (GFP, Alexa
Fluor 488), a 543-nm HeNe laser (Alexa Fluor 543, 555) and a 633-nm
HeNe laser (Alexa Fluor 633 and 647). Images were acquired using a
Plan-apochromat 20×/NA 0.75 objective, with optical section thick-
ness of 1–1.2 μm. Raw data were processed using Zeiss AIM software
(Carl Zeiss Microsystems) or IMARIS 6.4.2 software (Bitplane AG).
For cell counting, the number of PrE and EPI cells was established
from the number of nuclei positive for GATA4/6 and NANOG
respectively. TE cells were deﬁned as all cells located at the surface
of the embryo and negative for GATA4/6 and NANOG.
For quantiﬁcation, z-stacks of laser scanning confocal images of
diapause embryos were 3D-reconstructed using IMARIS 6.4.2 soft-
ware. Embryonic/abembryonic axis was deﬁned as the axis orthog-
onal to the PrE/EPI interface. PrE cell nuclei were then identiﬁed using
the “measurement point” option, and their distance from the
embryonic region was calculated. To view the distribution of PrE
cells from the embryonic pole, the mural TE was removed from 3D-
reconstructed embryos using the “clipping plane” option.
Genotyping
Embryos were subsequently lyzed into 10 μL lysis buffer (10 mM
Tris pH 8.5, 50 mM KCl, 0.01% gelatin, 100 μg/mL Proteinase K) for
50 min at 50 °C. Proteinase K was then inactivated 10 min at 90 °C.
2 μL of lyzed embryo was used as PCR template. PCR was performed
using Advantage 2 polymerase (Clontech) on a Mastercycler PCR
machine (Eppendorf) using the following program: 1 cycle: 94 °C
3 min; 42 cycles: 94 °C 30 s, 61 °C 1 min, 72 °C 1 min; 1 cycle: 72 °C
10 min. Primer sequences: Sox17For: 5′-TTGCCGAACACACAAAAG-
GAG-3′, Sox17RevFlox: 5′-TGGAGGTGCTGCTCACTGTAAC-3′ and
Sox17RevKO: 5′-GGACTGGAAAATGAGAGAATAGCG-3′ (Kim et al.,
2007).Results and discussion
Localization of SOX17 correlates with the emergence of the PrE lineage in
the preimplantation mouse embryo
We noted that SOX17 was ﬁrst detected in preimplantation
embryos starting at E3.5, as previously reported (Niakan et al.,
2010; Morris et al., 2010). Since it has recently emerged that many
lineage-speciﬁc factors exhibit a dynamic and stereotypical localiza-
tion (Dietrich and Hiiragi, 2007; Plusa et al., 2008), we analyzed in
detail and quantiﬁed the distribution of SOX17 protein at pre- and
periimplantation stages in relation to other lineage-speciﬁc markers.
SOX17 was ﬁrst detected in the nuclei of a subset (1–3) of ICM cells at
the 32–64 cell stage (Fig. 1), corresponding to the stage at which
overlapping expression of the PrE (GATA6) and EPI (NANOG) lineage-
speciﬁc trans-factors is observed. From its onset, SOX17 was detected
only in a subset of Pdgfrα-GFP-positive cells (Fig. 1). We have
previously described PDGFRα as one of the earliest PrE markers, and a
PdgfraH2B–GFP knock-in allele as one of the earliest reporters of the PrE
lineage (Plusa et al., 2008; Artus et al., 2010). At the stage
corresponding to salt-and-pepper distribution of PrE and EPI markers
(N64-cell embryo) the number of SOX17-positive cells had increased
and exhibited complete co-expression with Pdgfrα-GFP (data not
shown). By the late blastocyst stage (E4.5), SOX17 was exclusively
detected in PrE cells lining the blastocoel. Since it has been established
that the emergence of GATA4 expression coincides with the
appearance of a salt-and-pepper distribution of cells within the ICM
corresponding to lineage commitment (Plusa et al., 2008), this would
suggest a sequence of activation of GATA6 N PDGFRα N SOX17 N
GATA4 within the PrE lineage of the ICM.
We next investigated the localization of SOX17 in the two PrE
derivatives, the visceral endoderm (VE) and parietal endoderm (PE), at
early postimplantation stages (E5.25–5.75). Initially, at E5.25, nuclear-
localized immunoﬂuorescence was detected in all VE cells (data not
shown). However, later on after migration of the anterior visceral
endoderm (AVE), SOX17 appeared to be downregulated in the distal
portion of the VE, often referred to as the emVE (Mesnard et al., 2006),
overlying the EPI, while beingmaintained at high levels in VE overlying
extraembryonic ectoderm,which is often referred to as the exVE (Figs. 1
and4a–d).Wenoted that throughout this earlypostimplantationperiod
SOX17wasmaintained at uniformly high levels throughout the PE, and
that at all stages examined, the level of ﬂuorescence in the PE appeared
to be higher than that in the VE (Fig. 4a).
Sox7 is localized to PrE cells positioned on the blastocoel cavity
Phylogenetic analyses place SOX17 in the F group of the SOX
protein family along with its close relatives SOX7 and SOX18 (Bowles
et al., 2000). Previous studies have reported that Sox7 is expressed in
the PE at E7.5 (Murakami et al., 2004), and that it is involved in PE fate
induction in F9 embryonal carcinoma cells (Futaki et al., 2004).
However any earlier expression of Sox7, speciﬁcally at preimplanta-
tion stages, has not been previously reported. Given the mild
phenotype observed in Sox17 mutants, coupled with the extensive
homology between SOX7 and SOX17, we sought to determine the
localization of SOX7 at periimplantation stages.
Our analyses revealed that SOX7 was expressed speciﬁcally within
the PrE lineage at periimplantation stages (Fig. 2a). SOX7 was ﬁrst
detected only in embryos of N64-cells in a subset of Pdgfrα-GFP-positive
cells (Fig. 2a). Initially, SOX7wasdetected in 1–3 cells per embryoof 65–
89 cells (2.3 cells in average per embryo, N=7), comprising 3.2% of the
total cell number (Fig. 3). However, since only a subset of Pdgfrα-GFP-
positive cells were SOX7-positive (15%, N=5), we noted that SOX7was
observed only in PrE cells that were on the surface of the ICM in contact
with the blastocoel (Figs. 2a, 3). Neither Pdgfrα-GFP-positive cells
localized in deeper layers of the ICM, nor NANOG-positive cells located
Fig. 1. SOX17 is amarker of the primitive endoderm and its derivatives, the visceral and parietal endoderm of themouse embryo. SOX17 is ﬁrst detected in E3.5 embryos at 32–64 cell
stage, localizing to GFP expressing cells in PdgfraH2B–GFP/+ embryos, and at E4.5 is found exclusively in the PrE layer. After implantation (E5.5) SOX17 is expressed only in the two PrE
derivatives, PE, which exhibits the highest levels of expression, and VE, which exhibits reduced levels of expression towards distal end of the embryo overlying the epiblast. Each
horizontal row represents one embryo. All panels depict single optical sections, the lowest panel depicts a 3D-reconstructions of a confocal z-stack. em: embryonic region; ex:
extraembryonic region. Pdgfrα-GFP, green; SOX17, red; Hoechst, blue. Scale bar: 20 μm.
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later than other PrE lineage-speciﬁc markers, appearing only in a small
subset of cells in embryos of N64-cells, when other markers including
GATA6, GATA4 and PDGFRα, as well as SOX17, were expressed in all
PrE-committed cells. These data suggest that SOX7 is a marker of cells
committed to the PrE lineage that are in their ﬁnal position within the
future PrE layer. Therefore SOX7 is theﬁrst transcription factor reported
tobe restricted to this sortedPrEpopulation, and indoing so deﬁnes it as
molecularly distinct.
As cell sorting into respective layers proceeded in embryos of N64-
cells, the number of SOX7-positive cells increased until all PrE cells
became SOX7-positive, and came to be positioned on the cavity roof.
At this time all PrE cells were positive for GATA6, GATA4 and PDGFRα,
as well as SOX17. These observations support a model of sequential
GATA6 N PDGFRα N SOX17 N GATA4 N SOX7 marker activation within
cells of the PrE lineage, perhaps correlating with the successive
periods of cell lineage ‘naïvete’, commitment, scattered distribution
and congregation within the ICM.
Positioning of PrE cells in their ﬁnal location at the cavity roof is
likely driven by expression of lineage-speciﬁc transcriptional regula-
tors acting in combination with positional induction (Plusa et al.,
2008; Meilhac et al., 2009). However the mechanism(s) couplingthese contributing factors remains unknown. In E3.75 mouse blas-
tocysts DAB2 and LRP2 are already localized apically in some ICM cells
adjacent to the blastocoel cavity (Gerbe et al., 2008), perhaps
reﬂecting this early positioning process. Given its lineage and
positional-speciﬁc localization, it is intriguing to speculate that
SOX7 may play a role in regulating or reinforcing positional signals
in cells fated to the PrE lineage (reviewed in Yamanaka et al., 2006).
After early postimplantation stages (E5.5), SOX7 was detected in
both VE and PE derivatives of the PrE (Figs. 2a and 4e–h). While
strongly expressed in the PE, we noted that Sox7was also expressed in
the exVE and downregulated in the emVE similarly to Sox17
expression (Figs. 4a–d).SOX7 is expressed in Sox17-deﬁcient embryos
Having determined that SOX7 is expressed in SOX17 expressing
cells as they congregate on the cavity roof, we investigated the
expression of SOX7 in Sox17 mutant embryos. We noted that Sox7
was present and its localization was unperturbed in Sox17-deﬁcient
embryos, both at preimplantation and early postimplantation stages
(Fig. 2b). The presence of SOX7 in PrE cells on the cavity roof of Sox17
Fig. 2. SOX7marks PrE cells positioned adjacent to the blastocyst cavity and is expressed in the absence of Sox17. Immunodetection of SOX7 in periimplantation mouse embryos. (a)
SOX7 is ﬁrst detected in E3.5 embryos after 64-cell stage, localizing only to cells in contact with the blastocoel cavity, and in PdgfraH2B–GFP/+ embryos to GFP-positive cells (PrE
committed). At E4.5 its expression is restricted to PrE. After implantation (E5.5) SOX7 is detected weakly in exVE. (b) In Sox17−/− embryos, Sox7 expression is not affected at E4.5
and E5.5. Each row represents one embryo. All panels show single optical sections, the lowest panel shows 3D-reconstruction of confocal image. em: embryonic region; ex:
extraembryonic region. Pdgfrα-GFP, green (a); DAB2, green (b); SOX7, red; NANOG, white; Hoechst, blue. Scale bar: 20 μm.
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SOX17, and that SOX7 might compensate for loss of SOX17.
In support of a possible redundancy between these two closely
related proteins, previous reports have noted that Sox7 transcripts
levels were elevated at later (E8.0) stages in Sox17 deﬁcient
extraembryonic tissues (Shimoda et al., 2007). In addition SOX7 and
SOX17 are able to bind enhancers of Fn1 (Shirai et al., 2005) and
Lama1 (Niimi et al., 2004) genes encoding constituents of the
basement membrane. It is therefore likely that a similar redundancymay be in effect in the PrE, and this may account for the modest
defects observed in Sox17 mutants. Future studies analyzing double
Sox7; Sox17mutants will therefore be required, andmay help uncover
a precise role for these SOX factors within the PrE lineage.
PrE endoderm speciﬁcation is unaffected in embryos deﬁcient in Sox17
Toaddress the roleof Sox17 inPrE formation,wequantiﬁedcell lineage
commitment in Sox17−/−mutants compared to stage-matched Sox17+/−
Fig. 3. SOX7 is selectively localized to the PrE cells positioned adjacent to the blastocyst cavity prior to lineage segregation. (a) Immunodetection of SOX7 in preimplantation mouse
embryos at E3.5 (65–80 cells). SOX7 is ﬁrst detected in E3.5 embryos after 64-cell stage, localizing only to cells in contact with the blastocoel cavity (arrowheads). In PdgfraH2B–GFP/+
embryos it is co-localized with GFP in cells adjacent to the cavity. Each row represents one embryo, all panels show 3D-reconstruction of confocal images. Pdgfrα-GFP, green; SOX7, red;
NANOG, white; Hoechst, blue. Scale bar: 20 μm. (b) Distribution of TE (green), EPI (red) and PrE (SOX7-negative — light blue, and SOX7-positive — dark blue) cells in embryos at E3.5.
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of SOX17 protein conﬁrmed the identity of mutant embryos, which were
otherwise morphologically indistinguishable from heterozygous or wild-
typeembryos.AtE4.5Sox17mutant embryosexpressedbothPrE (GATA4)
and EPI (NANOG) speciﬁc transcription factors, and both these lineages
were fully sorted such that thePrE layerwas in contactwith theblastocoel
(Fig. 5a). By analyzing the distribution of cells within each of the three
lineages of the blastocyst, a quantitative measure of lineage speciﬁcation
can be obtained (Fig. 5d). We failed to detect a statistically signiﬁcant
difference in the number of TE or EPI cells in mutant embryos as
compared to stage-matched wild-type or heterozygous embryos. Simi-
larly, the number of PrE cells did not deviate in mutants (25.9±9.7 PrE
cells) when compared to wild-type (33.9±7.6 PrE cells) or heterozygous(28.0±10.0 PrE cells) embryos. From these observations, we conclude
that the allocation of cells within the ﬁrst three lineages is not affected by
the absence of Sox17. In addition, by early postimplantation stages, E5.5
Sox17mutant embryos were recovered at the expected Mendelian ratios
and, at least by gross morphology, were indistinguishable from
heterozygous and wild-type littermates (data not shown).
To determine if the lack of a discernable PrE-speciﬁc phenotype
was due to a maternal contribution of Sox17 we analyzed embryos in
which maternal, as well as zygotic, Sox17 transcripts were removed
using the oocyte-speciﬁc Cre recombinase expressing strain Zp3::cre
(Lewandoski et al., 1997). At E4.5, maternal/zygotic (mz) Sox17
mutant embryos expressed PrE and EPI markers in cells correctly
sorted to their appropriate tissue layers (Fig. 5b), and the total cell
Fig. 4. SOX7 and SOX17 are detected in PrE derivatives at E5.5 postimplantation stage. Immunodetection of SOX17 (a–d) and SOX7 (e–h) on cryosections of decidua containing E5.5
wild-type embryos. SOX17 and SOX7 were detected both in PE (arrows) and VE (arrowheads). (d, h) Measurement of ﬂuorescence intensity of SOX17 (d) and SOX7 (h) along the
proximal–distal axis. Orange dashed lines indicate where the measurements were done and orange arrowheads indicate the boundary between embryonic and abembryonic
regions. SOX7, SOX17, red; nuclei, blue and grey; F-actin, green. Scale bar: 50 μm.
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and mzSox17−/− (137.6±9.5 cells) embryos (Fig. 5e). However, we
ﬁrst noted a signiﬁcant reduction in overall ICM cell number between
mzSox17+/− (38.4±8.4 ICM cells) and zygotic (z) Sox17+/− embryos
(52.3±7.6 ICM cells) and betweenmzSox17−/− (34.2±8.0 ICM cells)
and zSox17−/− embryos (43.1±10.7 ICM cells). The TE lineage
was also signiﬁcantly expanded in the maternal/zygotic compared
to zygotic Sox17−/− embryos (103.3±14.8 mzSox17−/− TE cells vs.
68.3±24.2 zSox17−/− TE cells) but not in Sox17+/− embryos (91.8±
9.0 mzSox17+/− TE cells vs. 86.8±12.2 zSox17+/− TE cells). Thus, the
presence of a Zp3::Cre transgene and/or removal of maternal Sox17
transcripts/protein affected the size of the ICM independently of the
genotype of the embryo (Sox17+/− or Sox17−/−). This might suggest
that accumulation of CRE protein from the Zp3::Cre transgene during
oogenesis may inﬂuence early cell fate decisions biasing cells against
an ICM fate or affecting ICM cell lineage expansion, an effect that has
not been observed to date (Stephenson et al., 2010). Interestingly,
several studies reported the adverse effect of high CRE activity on cell
proliferation (Loonstra et al., 2001; Pfeifer et al., 2001; Silver and
Livingston, 2001; Naiche and Papaioannou, 2007; Schmidt-Supprian
and Rajewsky, 2007). Alternatively, we cannot formally exclude a
possible contribution of the genetic background in the reduction of
the size of the ICM.We therefore analyzed whether the distribution of
PrE and EPI cells was affected in maternal and zygotic mutant
embryos. While the number of EPI cells was comparable between
mzSox17−/− (18.1±4.6 EPI cells) and mzSox17+/− (16.7±4.8 EPI
cells), there was a statistically signiﬁcant reduction in the number of
PrE cells (16.1±4.0 Sox17−/− PrE cells vs. 21.8±4.9 Sox17+/− PrE
cells). We therefore conclude that maternal deletion of Sox17
provided a modest exacerbation of the phenotype resulting from
the absence of zygotic Sox17, and in doing so suggested a possible role
for this transcription factor in the PrE lineage. However, we cannot
rule out any additive effects on the observed phenotype resulting
from the Cre transgene, as well as well as the genetic background.
Moderate reduction of PrE cell number in Sox17-deﬁcient
implantation-delayed embryos
Artiﬁcially delaying implantation and inducing a period of diapause
by blocking estrogen at the morula stage can be used to investigategene function in contexts where routine analyses of blastocyst stage
embryos fail to reveal a readily detectable defect. Prompted by the fact
that LIF/gp130 signalling is required for maintaining mouse ES cells in
an undifferentiated state, analysis of implantation-delayed blastocyst
stage embryos revealed a requirement for LIF/gp130 signalling in the
maintenance of the EPI lineage (Li et al., 1995; Nichols et al., 2001;
Ware et al., 1995). In addition, we recently used implantation-delayed
embryos to reveal a role for the PDGF signalling pathway in PrE lineage
expansion (Artus et al., 2010).
Prompted by the failure to establish XEN cells from Sox17mutants,
which supported a critical role for SOX17 in the PrE (Niakan et al.,
2010), we generated implantation-delayed Sox17 mutant embryos.
We analyzed the localization of lineage-speciﬁc transcription factors.
Similar to heterozygous embryos, Sox17-deﬁcient blastocysts com-
prised a TE layer encapsulating the ICM in which the GATA4-positive
PrE cells were localized between the blastocoel cavity and a cohort of
NANOG-positive cells representing the EPI lineage (Fig. 5c). These
data suggested that lineage speciﬁcation proceeded normally in
implantation-delayed Sox17 mutant embryos.
To gain further insight we quantiﬁed the respective composition
of the TE, EPI and PrE lineages in 3 day implantation-delayed em-
bryos. zSox17−/−mutant embryos contained the samemeannumber of
TE cells (126.3±14.9 zSox17−/− TE cells, as compared to zSox17+/−
117.0±13.0, or zSox17+/+ 123.7±8.8) and EPI cells (22.1±5.9
zSox17−/− EPI cells, as compared to zSox17+/− 20.4±5.8, or zSox17+/+
22.2±3.1). However, they exhibited a signiﬁcant reduction of the
number of PrE cells (23.7±3.7 zSox17−/− PrE cells as compared to
zSox17+/− 31.5±5.1, or zSox17+/+ 31.0±2.6) (Fig. 5f). Thus delaying
implantation revealed a novel role for SOX17 in PrE cell survival and/or
proliferation.
Altered morphology and premature migration of PrE cells along the
mural trophectoderm in implantation delayed Sox17 mutant blastocysts
While investigating the respective contributions of the ﬁrst
lineages in implantation-delayed Sox17-deﬁcient blastocysts, we
noted that whereas the majority of PrE cells are maintained in the
vicinity of the EPI compartment within the ICM of wild-type and
heterozygous embryos (Fig. 6a andMovie 1), a subset of PrE cells were
located at a distance from the ICM in Sox17 mutant embryos (Fig. 6d
Fig. 5. Mouse blastocysts lacking Sox17 correctly specify and segregate embryonic and extraembryonic lineages. Zygotically zSox17 +/− (upper panels) and zSox17−/− embryos
(lower panels) at E4.5 (a) and 3 days after tamoxifen injection (c). Maternally and zygotically ablated mzSox17 +/− (upper panels) and mzSox17−/− embryos (lower panels) at E4.5
(b), Blue, nuclei; red, GATA4, GATA6, SOX17 and NANOG. Scale bar: 20 μm. (d–f) Distribution of PrE, EPI and TE cells in Sox17+/+, Sox17+/−, Sox17−/− embryos at E4.5 (d),
3 days after tamoxifen injection (f) and in maternal/zygotic mutant embryos at E4.5 and (e). Blue, PrE; red, EPI; green, TE; grey, ICM. Statistical T-tests are indicated when signiﬁcant
(*:pb0.02; **:pb0.003). Error bars indicate s.d.
400 J. Artus et al. / Developmental Biology 350 (2011) 393–404and Movie 2). To better visualize the morphology of the PrE layer and
formulate a metric for the distribution of PrE cells in embryos, we
generated 3D reconstructions of our confocal imaging data. Speciﬁ-
cally, we sought to quantify the distances between PrE cells and the
embryonic pole. To do so, we noted the relative position of PrE cells
along the long (embryonic–abembryonic) axis of the embryo, by
measuring the position of individual PrE cell nuclei from the
embryonic pole. The distribution of cells within the PrE layer was
visualized using either a lateral view showing the embryonic/
abembryonic axis (Figs. 6b, e), or a polar view from the embryonic
pole overlying the polar TE (Figs. 6c, f). In zSox17 heterozygotes, PrE
cells primarily congregated at the embryonic pole, in close proximity
to the EPI (Fig. 6b). PrE cells were in close proximity as revealed by the
density of nuclei and small inter-nuclear distances (Fig. 6c). By
contrast, in zSox17 mutants, a subset of PrE cells were not associated
with the EPI, but instead were associated with the TE, such that some
nuclei were distant to the embryonic pole (Fig. 6e, cells are numbered
1 to 10). Cell density appeared reduced and inter-nuclear distances
were increased in zSox17 mutants such that the PrE layer appeared
more dispersed when viewed from the embryonic pole (Fig. 6f).
We next measured the relative distribution of PrE cells in zSox17
heterozygous and zSox17 mutant embryos as the distance from the
embryonic pole divided by the length of the embryonic/abembryonic
axis (Figs. 6b, e). This would take into account the size variability
routinely observed between embryos, and therefore allow for direct
comparison between embryos. Independent measurements of the
relative distance of PrE cells from the embryonic pole in individual
Sox17 heterozygous blastocysts revealed a relative homogeneity with
an average varying from 0.17 to 0.21 (Fig. 6g). This indicated thatmostof PrE cells were positioned in close proximity to the EPI. By contrast,
the distribution of PrE cells in Sox17 mutant embryos was more
variable within any single embryo, and also between embryos, such
that in some embryos PrE cells were located close to the EPI (Fig. 6h,
embryos #5 and #6), whereas in others, PrE cells were dispersed
along the length of the embryonic/abembryonic axis (Fig. 6h, embryos
#7, #8 and #9). Combined distances from Sox17 heterozygote and
Sox17 mutant implantation-delayed embryos demonstrated that,
on average, PrE cells in heterozygous embryos were located closer
(0.18±0.04) to the embryonic pole than in Sox17 mutants (0.25±
0.09) (Fig. 6i). The higher standard deviation associated with
measurements in Sox17 mutants is an indication of the dispersal of
PrE cells along the embryonic/abembryonic axis. In total, we
calculated that 94% (106 out of 113 cells) of Sox17+/− PrE cells
were located in the ﬁrst fourth of the embryo (embryonic pole). By
contrast, only 61% (71 out of 117 cells) of Sox17−/− PrE cells were
located in the ﬁrst fourth. These data suggest that while not necessary
for the speciﬁcation or expansion of the PrE, SOX17 plays a role in its
epithelial integrity and/or differentiation into PE.
Sox17-deﬁcient PrE cells establish and retain apicobasal polarity
The nascent PrE layer progressively matures to form a polarized
epithelium so that PrE cells acquire an apical side adjacent to the
cavity which is characterized by the regional localization of proteins
involved in adhesion or trafﬁcking, including DAB2, LRP2, AMN and
CUBN (Gerbe et al., 2008). The basal surface lies at the interface with
the EPI tissue layer and is enriched in extracellular matrix (ECM)
components including collagen IV (Adamson and Ayers, 1979) and
Fig. 6. Premature migration of PrE cells along mural trophectoderm in implantation delayed Sox17 mutant blastocysts. (a, d) Immunodetection of GATA4 (white) in 3 day
implantation-delayed Sox17+/− (a) and Sox17−/− embryos (d). Nuclei were counterstained with Hoechst (blue). (b, e) Greyscale conversion of (a) and (d) respectively. Dashed line
deﬁnes the length between the embryonic and abembryonic poles. (c, f) View from the embryonic pole of (b) and (e) respectively. GATA4-positive nuclei from PrE cells (dark,
number) can be tracked and located according to these two views. (a–f) Scale bars: 20 μm. (g) Average and relative distances to the proximal embryonic region of the PrE cells in 4
individual Sox17+/− (green) embryos. (h) Average and relative distances to the proximal embryonic region of the PrE cells in 5 individual Sox17−/− (red) embryos. (i) Combined
average and relative distances of PrE cells in all analyzed Sox17+/− (green) and Sox17−/− (red) embryos. (***: signiﬁcant statistical t-test with a pb0.0001). (g–i) Error bars indicate
s.e.m.
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reported to bind the promoter of several genes encoding ECMproteins
including Col4a1, Col4a2, Fn1, Lama1, Lamb1-1, and Lamc1 (Niakan
et al., 2010; Niimi et al., 2004; Shirai et al., 2005) suggesting that
SOX17 may regulate the composition of the basement membrane,
which could subsequently affect the integrity of PrE epithelium. We
therefore performed a detailed examination of the localization of
DAB2 and Laminin proteins in implantation-delayed embryos. In
Sox17+/− embryos, DAB2 was apically enriched in both TE and PrE
cells (Fig. 7a, a′, a″ and Movies 3 and 4). Conversely, Laminin was
detected basally (Fig. 7b, b′, b″). In Sox17−/−mutant embryos, regions
exhibiting an enrichment of DAB2 persisted in PrE cells associated
with the TE, suggesting they maintained some aspect of polarity(Fig. 7d, d′, f″ and Movies 5 and 6). By contrast, Laminin appeared
more homogenously distributed around PrE cells (Fig. 6e, e′, e″) and
was not detected in areas in direct contact with the EPI (Fig. 6e, f).
These data suggest that PrE cells retain some properties of apicobasal
polarity, but that the basement membrane is affected in absence of
Sox17.
Conclusions
In this study we analyzed the dynamic localization of SOX17 and
SOX7, two closely related members of the SOX transcription factor
family noting that they are speciﬁc to the PrE and its derivatives
(Fig. 8a). SOX17 was localized to prospective PrE cells. While the
Fig. 7.Disruptedorganizationof primitiveendodermcorrelateswithbasementmembranedeposition in the absenceof Sox17. ImmunodetectionofDAB2andLaminin in Sox17+/− (a–c, a′–c′,
a″–c″) and Sox17−/− (d–f, d′–f′, f″) 3 day diapause embryos. (a′–f′) magniﬁed views of (a–f) respectively. (a″,b″)Measurements of the ﬂuorescence intensity of DAB2 (a″) and Laminin (b″)
staining along the apical (green and red dashed lines) and basal (light green and pink dashed lines) of the PrE layer. (c″,f″)Measurements of the ﬂuorescence intensity of Laminin (red) and
DAB2 (green) throughout the cell membrane (dashed line). All panels show single optical section. DAB2, green; Laminin, red; nuclei, blue; bf, bright ﬁeld. Scale bar: 20 μm.
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403J. Artus et al. / Developmental Biology 350 (2011) 393–404localization of SOX7 revealed that sorted PrE cells, located on the
surface of the ICM, are molecularly distinct and exhibit a unique
transcription factor signature (GATA6+, SOX17+, GATA4+, SOX7+),
compared to unsorted (GATA6+, SOX17+, GATA4+, SOX7−) PrE cells.
Our data therefore lend further support to a model of sequential
activation of transcription factors within the PrE lineage, which we
propose might correlate with the consecutive periods of ICM cell
lineage ‘naïvete’, commitment and segregation.
Since SOX7 localization was comparable in wild-type and Sox17
mutant embryos, it suggested a lack of cross-regulation, but possible
compensation between these two SOX family transcription factors.
Genetic removal of both maternal and zygotic Sox17 contribution
revealed a phenotype in mutant embryos at preimplantation stages
possibly due to removal of maternal protein or mRNA stores,Fig. 8. Schematic representations of sequential activation of transcription factors in the PrE
delayed blastocysts. (a) At E3.5, in embryos of 32–64 cells, GATA6 is expressed in all cells of t
coincident with the emergence of salt-and-pepper distribution of EPI/PrE cells, GATA6 becom
presumptive PrE cells, such that GATA6 and SOX17 co-localize. SOX7 is localized to GATA6/SO
are just beginning to, accumulate DAB2 apically (Gerbe et al., 2008). At the time of implan
contact to the cavity with cells being GATA6/SOX17/SOX7-positive. (b) Inactivation of S
organization of the PrE epithelium and premature parietal endoderm differentiation. Prematu
observed. Wild-type embryo is depicted on the left, middle panel represents a Sox17 mutan
severe defect.presence of the Zp3::Cre transgene and/or genetic background.
Unfortunately the cumulative effect of these factors could not be
rigorously experimentally tested. However, Sox17 mutant embryos
were readily distinguishable from wild-type and heterozygotes
when implantation was artiﬁcially delayed. In this situation, the
PrE epithelium was abnormal with PE cells prematurely delaminat-
ing from the epithelium and migrating along the mural TE. Taken
together, these data lead us to suggest that even if not necessary for
the speciﬁcation or expansion of the PrE, SOX17 plays a role in
maintaining the epithelial integrity of this tissue layer and/or its
differentiation into PE (Fig. 8b). Finally, the additive effects of the
related SOX17 and SOX7 proteins, as well as any functional
redundancy, within the PrE lineage will need to be addressed by
the analysis of Sox17 ; Sox7 double mutants.cell lineage and the phenotype resulting from inactivation of Sox17 in implantation-
he ICM, and SOX17 can be detected in some cells of the ICM. At around the 64-cell stage,
es downregulated in presumptive EPI cells, and SOX17 can be detected in most of these
X17-positive cells that are positioned on the cavity roof. These are the cells that will, or
tation (E4.5), the PrE is apparent as a morphologically-distinct epithelial cell layer in
ox17 in implantation-delayed blastocyst stage embryos results in disruption of the
re disattachment andmigration of nascent parietal endoderm cells over the TE layer are
t exhibiting a mild defect, whereas the right panel depicts a mutant exhibiting a more
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